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INCONGRUENCE BETWEEN CHLOROPLAST AND SPECIES
PHYLOGENIES IN EUCALYPTUS SUBGENUS
MONOCALYPTUS (MYRTACEAE)1
GAY E. MCKINNON, DOROTHY A. STEANE, BRADLEY M. POTTS, AND
RENE´ E. VAILLANCOURT2
School of Plant Science and Cooperative Research Centre for Sustainable Production Forestry, University of Tasmania,
GPO Box 252-55, Hobart, Tasmania 7001, Australia
Seventy-eight polymorphic cpDNA (chloroplast DNA) characters were found in 13 closely related taxa from Eucalyptus
series Amygdalinae (subgenus Monocalyptus) and seven potential outgroup taxa. The strict consensus of six cladograms
generated from cpDNA data confirmed monophyly of Monocalyptus. However, cpDNA phylogeny within Monocalyptus
was incongruent with taxonomic classification, being more related to geography, even when accessions were from divergent
series. Monocalyptus cpDNA formed two major clades. On the island of Tasmania cpDNA was restricted to a single clade,
exhibited very little variation, and was phylogenetically related to cpDNA found in central and western Victoria. In contrast,
cpDNA of mainland monocalypt taxa was more variable, even within the Amygdalinae. Four out of six Tasmanian Amyg-
dalinae species were polymorphic. The difference between cpDNA of replicates was often greater than differences between
species from different series. The low level of cpDNA variation and extensive morphological intergradation between the
Tasmanian endemics suggest recent speciation. However, the transfer of cpDNA through hybridization between lineages is
the most likely explanation for the observed sharing of cpDNA across series. This study highlights that the geographical
pattern to cpDNA variation in Eucalyptus may be an important source of information on past plant distributions in Australia.
Key words: chloroplast DNA; Eucalyptus; hybridization; Myrtaceae; reticulate evolution.
Eucalyptus-dominated ecosystems support most of
Australia’s terrestrial biodiversity (Norton, 1997). Hence,
understanding eucalypt evolution is fundamental to un-
derstanding the evolution and ecology of a large com-
ponent of the Australian biota. Eucalyptus is a complex
genus of ancient origin (Ladiges, 1997). While many taxa
appear to be relictual, there is indication of recent spe-
ciation in certain groups (Pryor and Johnson, 1981; Prob-
er, Bell, and Moran, 1990). Many species form complex-
es where extensive clinal variation between recognized
taxa is common (Pryor and Johnson, 1971; Potts and
Wiltshire, 1997) and reproductive barriers are weak (Potts
and Wiltshire, 1997). Whether this intergradation is a re-
sult of recent primary differentiation or due to secondary
intergradation through hybridization is debatable (Pryor
and Johnson, 1981; Ladiges, 1997). If hybridization (re-
ticulate evolution) was a primary factor, then phyloge-
netic reconstruction may be questionable (McDade, 1992;
Rieseberg, 1995), and this would challenge the founda-
tion of current taxonomy. Chloroplast DNA variation has
been useful for elucidating taxonomic relationships at
higher taxonomic levels in the eucalypts (Sale et al.,
1993, 1996a; Ladiges, Udovicic, and Drinnan, 1995). In
eucalypts, cpDNA is maternally inherited (Byrne, Moran,
and Tibbits, 1993). However, at lower taxonomic levels,
a recent study of cpDNA in the subgenus Symphyomyrtus
1 Manuscript received 2 April 1998; revision accepted 10 November
1998.
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has shown marked discordance between cpDNA and spe-
cies phylogeny (Steane et al., 1998), suggestive of retic-
ulate evolution.
The present study examines the utility of cpDNA in
phylogenetic reconstruction in a group of closely related
species in the subgenus Monocalyptus. Subgenus Mono-
calyptus contains more than 140 species that have been
organized into one (Pryor and Johnson, 1971) or two
(Johnson, 1976) sections, although at the morphological
level, there are few obvious synapomorphic characters
defining subgroups and no support for the two sections
of Johnson (Ladiges, 1997). This is clearly exemplified
by instability in the taxonomic treatment of Monocalyp-
tus species on the island of Tasmania (Table 1). Tasmania
is a large island southeast of mainland Australia, but was
linked by land bridges during Quaternary glacial epochs
(Marginson and Ladiges, 1982). Its flora displays a high
level of endemism and relictual species (Kirkpatrick and
Brown, 1984), including eucalypts (Ladiges, Humphries,
and Brooker, 1983; Williams and Potts, 1996). The six
Tasmanian endemic species of subgenus Monocalyptus
have been the subject of numerous evolutionary studies
[reviewed in Williams and Potts (1996); Potts and Wilt-
shire (1997)]. These species belong to the series Amyg-
dalinae (Ladiges, Newnham, and Humphries, 1989; Ta-
ble 1), are often morphologically highly differentiated
(Sale et al., 1996b), but intergrade or hybridize in virtu-
ally all possible combinations (Williams and Potts, 1996).
The dynamics of hybridization between two of the most
morphologically differentiated of these taxa, E. risdonii
and E. amygdalina, has been extensively studied using
morphological (Potts and Reid, 1988; Whitham, Morrow,
and Potts, 1994) and RAPD (Sale et al., 1996b) variation.
The present study therefore aims to determine the level
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TABLE 2. Details of specimens collected for analysis of cpDNA haplotype in Eucalyptus subgenus Monocalyptus and outgroups.
Eucalyptus species and
identifier Collector Natural locality
Geographic
locationa Lat. (S) Long. (E)
Herbarium specimen
location and codea
E. risdonii 1
E. risdonii 2
E. tenuiramis 1
E. tenuiramis 2
E. coccifera 1
E. coccifera 2
E. nitida 1
E. nitida 2
E. amygdalina 1
E. amygdalina 2
E. pulchella 1
E. pulchella 2
E. radiata subsp. radiata
B. Potts
B. Potts
B. Potts
B. Potts
B. Potts
R. Vaillancourt
B. Potts
B. Potts
B. Potts
B. Potts
B. Potts
B. Potts
K. Rule
Risdon
Meehan Range
Bicheno
Huon Road
Pine Lake
Mt Wellington
Port Davey
Flinders Island
Risdon
Kingston
Mt Nelson
Harris Creek
Upper Ferntree Gully
SE Tas
SE Tas
SE Tas
SE Tas
Cent. Tas
SE Tas
SW Tas
NE Tas
SE Tas
SE Tas
SE Tas
SE Tas
S Vic
428509
428519
418539
428549
418449
428539
438209
;408
428509
428599
428549
438159
378549
1478209
1478259
1488179
1478179
1468429
1478139
1458539
;1488
1478209
1478189
1478199
1478089
1458209
TU: #RP264
TU: #MRTH C1
TU: #BICH4
TU: #HRC4
TU: #PL16
TU: #GEM7
TU: #PD4
TU: #N42
TU: #AP242
TU: #635
TU: #633
TU: #68
TU: #GEM6
E. robertsonii
E. elata
E. croajingolensis
E. willisii subsp. willisii
E. willisii subsp. falciformis
E. dives
E. umbra
E. piperita subsp. urceolaris
E. obliqua
E. delegatensis
M. I. H. Brooker
K. Rule
D. Nicolle
D. Nicolle
D. Nicolle/K. Rule
K. Rule
B. Potts
D. Nicolle
B. Potts
B. Potts
Brindabella Range
Cann River
Holey Plains, Gippsland
Holey Plains, Gippsland
Pomonal, Grampians
Gembrook
Not recordedb
Nowra
Mt Nelson
Mt Wellington
SE NSW
SE Vic
SE Vic
SE Vic
SW Vic
S Vic
NSW or Qld
SE NSW
SE Tas
SE Tas
358279
378389
388149
388149
378259
378579
358069
428559
428549
1488469
1498099
1468549
1468549
1428209
1458339
1508169
1478189
1478149
TU: #12693
TU: #GEM5
TU: #29/16
TU: #32/13
TU: #30/30
TU: #GEM4
TU: #1537
TU: #51/30
TU: #634
TU: #636
Outgroups
E. globulus 1
E. globulus 2
E. lansdowneanab
E. ceraceac
G. McKinnon
D. Steane
M. Sale
M. Sale
Mt Nelson
Otway Ranges
Gawler Ranges
King George Falls
SE Tas
Vic
SA
WA
428569
388409
;328
;148
1478189
1438449
;1368
;1278
TU: #637
TU: #DASteane 99
NA
NA
a Abbreviations used: TU 5 School of Plant Science, University of Tasmania. Other abbreviations are as in Table 1.
b Sample obtained from Waite Arboretum, Adelaide, South Australia; appears to deviate from E. umbra slightly in the direction of a closely
related form, E. acmenoides (I. Brooker, personal communication, CSIRO Plant Industry).
c Sample obtained from Kings Park, Perth, Western Australia.
and pattern of variation in cpDNA within this group of
endemic species and place it in a broader phylogenetic
framework.
MATERIALS AND METHODS
Plant material—Leaf material from 27 accessions representing 16
species of Eucalyptus subgenus Monocalyptus and three species from
other subgenera to be used as potential outgroups (Table 2) was col-
lected from plantations or native stands. Steane et al. (1998) showed
that within subgenus Symphyomyrtus cpDNA can transgress species
boundaries. Therefore, to be cautious, we choose outgroup taxa from
other subgenera that were unlikely to share cpDNA with species of
Monocalyptus. Specimens of E. globulus, 1 and 2, were identical to
those used by Steane et al. (1998), in which they were designated GG1
and GG2, respectively. Specimens of E. lansdowneana and E. ceracea
were identical to those used by Sale et al. (1996a), designated
1835B.K13 and 361/89, respectively. Care was taken to select individ-
uals that were true to type.
DNA isolation and southern hybridization—Total cellular DNA was
extracted from leaf tissue using a protocol based on the method of
Wagner et al. (1987). Tissue (10 g) was ground to powder under liquid
nitrogen using a mortar and pestle, then added to 50 mL extraction
buffer (3.2% sorbitol, 5.0% polyethylene glycol 600, 0.05% bovine se-
rum albumin, 0.05% spermine, 0.05% spermidine, 4% polyvinyl pyr-
rolidone 40, 0.05% 2-mercaptoethanol, 15 mmol/L EDTA, 50 mmol/L
Tris, pH 8.0), on ice. The homogenate was filtered once through muslin,
centrifuged (2000 g, 5 min), and the pellet was retained and suspended
in 4 mL wash buffer (6.4% sorbitol, 0.1% 2-mercaptoethanol, 25 mmol/
L EDTA, 50 mmol/L Tris, pH 8.0). The following reagents were added
in order, with mixing: 1 mL of 5 mol/L NaCl, 0.8 mL of 8.6% hex-
adecyltrimethylammonium bromide/0.7 mol/L NaCl, and 1.6 mL of 5%
N-laurylsarcosine. Samples were incubated at ambient temperature for
15 min, then at 558C for 15 min, following which they were extracted
twice with 8 mL chloroform : isoamyl alcohol (24:1), with mixing times
of 30 min and 5 min, respectively, for the first and second extractions.
The aqueous phase was separated from the organic phase by centrifu-
gation (2000 g, 8 min). DNA was precipitated by addition of 6 mL ice-
cold isopropanol and collected by centrifugation (2000 g, 5 min). The
pellet was washed in 1 mL of 50% isopropanol/0.3 mol/L ammonium
acetate for 30 min, air dried, resuspended in TE buffer (10 mmol/L Tris,
1 mmol/L EDTA, pH 7.4) containing RNase (10 mg/mL) and incubated
at 378C for 1 h. DNA was then reprecipitated with ethanol and 0.22
mol/L ammonium acetate, collected by spooling, washed in 70% etha-
nol, and stored at 2208C in TE buffer, pH 7.4.
DNA from each accession (1.5 mg per reaction) was digested with
each of the following 19 restriction enzymes according to the manufac-
turers’ instructions: Alu I, Ase I, BamH I, Ban II, Bcl I, Bgl II, BstN I,
Dde I, Dra I, EcoR I, EcoR V, Eco0109 I, Hin d III, Hin f I, Nco I,
Nsi I, Ssp I, Xho I, and Xmn I. Digested DNA was size fractionated by
electrophoresis in 1.2% agarose for ;360 Vh, then transferred to nylon
membrane by Southern blotting and cross-linking by exposure to UV
radiation. Restriction fragments of phage lambda DNA cut with Hin d
III were included as size markers. Nine chloroplast probes from Petunia
(P1, P3, P4, P6, P10, P12, P14, P16, P20; Sytsma and Gottlieb, 1986)
and one from Nicotiana tabacum (pTBa1; Shinozaki et al., 1986) were
used. Probe DNA was labelled with 32P using random primers (T7
QuickPrime kit, AMRAD Pharmacia Biotech, Australia). Following
prehybridization for up to 24 h in 1 L of hybridization solution (0.5%
nonfat dried milk powder, 1% SDS, 0.6 mol/L NaCl, 0.06 mol/L tri-
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TABLE 3. Restriction site and size mutations scored for analysis of
cpDNA haplotype in Eucalyptus subgenus Monocalyptus and out-
groups.
Character
No. Code
Restriction enzyme/s
and probe/s
Character details
(fragment sizes in kb)a
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
a1
a2
a3
a4
a8
a9
a11
a12
a13
a15
b1
b6
b7
b9
c1
c2
c3
c4
c5
c7
c9
c11
c12
c13
Ase I, P6
Ban II, P10
Bcl I, P10
EcoR V, P16
Bgl II, P3
Bgl II, BamH I, Dra I, P10
Xmn I, P16
Dra I, P16
BamH I, P6
BamH I, P14
Hinf I, P14
Dde I, P4
Dde I, P16
Nsi I, P10
Nsi I, P4
Nsi I, P4
Nsi I, BstN I, Ase I, P4
Dde I, Bcl I, Xmn I, pTBal
EcoR I, P1, P4
Ase I, P3
Ase I, P12, P20
Ase I, P4
Ase I, P20, pTBa1
Ssp I, P10
3.3 → 2.1 1 x
17.0 → 13.6 1 3.4
4.10 → 2.33 1 1.88
1.6 → 1.4 1 x
9.55 → 7.40 1 2.15
0.12 kb deletion
3.10 → 1.78 1 1.23
2.9 → 1.9 1 1.0
8.6 → 4.8 1 3.6
2.70 → 1.38 1 1.13
0.63 → 0.54 1 x
(1.3) → 1.0 1 x
1.15 → 0.88 1 x
3.60 → 2.85 1 0.75
2.5 → 1.6 1 x
(6.7) → 3.6 1 3.1
0.45 kb deletion
0.20 kb deletion
1.80 → 1.55 1 x
3.05 → 2.60 1 x
3.78 → 1.55 1 (2.23)
(2.54) → 0.59 1 1.95
2.2 → 1.6 1 0.60
2.77 → 1.78 1 0.88
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
c14
d1
d3
d4
d5
d6
d8
d10
d11
d12
d13
d14
d15
ds18
ds20
e1
e2
e3
e5
e6
e7
e8
e9
e10
e11
e12
f2
f3
f6
Ssp I, P10
Ssp I, pTBal
Bgl II, P6
Bgl II, P1, P4
Bgl II, pTBal
Bgl II, pTBal
Ban II, P14, P4
Eco RV, P10
Eco RV, P10
Eco RV, P10
Eco 0109I, P6
Nco I, P20
Nco I, P20
Ban II, pTBal
Dra I, P10
Nco I, P14
Dde I, P3
Dde I, P6
Xmn I, P20
Xmn I, pTBal
BamH I, P10
BamH I, P10
Hind III, P3
Hind III, P20, P12
Hind III, pTBal
Hind III, pTBal
Ase I, P12, P20
Ase I, P4
Bcl I, P3
2.95 → 2.77 1 x
2.20 → 0.78 1 (1.42)
7.8 → 7.6 1 x
16.8 → 12.5 1 4.3
5.8 → 4.3 1 1.5
2.8 → 2.7 1 x
5.7 → 4.2 1 x
5.00 → 3.65 1 1.35
2.95 → (2.40) 1 0.55
5.80 → 2.40 1 2.95
7.9 → 4.8 1 3.1
5.0 → 4.1 1 x
4.1 → 3.7 1 x
10.0 → 8.5 1 1.5
2.1 → 1.1 1 1.0
8.2 → 7.2 1 0.9
3.2 → 2.7 1 x
1.90 → 1.08 1 0.82
5.70 → 3.20 1 2.50
2.90 → 2.60 1 x
3.50 → 1.80 1 1.50
3.40 → 2.20 1 1.20
4.8 → (4.6) 1 x
3.6 → 3.3 1 x
4.95 → 3.80 1 1.15
4.33 → 2.75 1 1.58
2.23 → 1.75 1 x
2.60 → 1.85 1 x
4.8 → 2.6 1 (2.2)
54
55
56
57
58
59
60
61
62
63
64
65
66
f7
f8
f9
f10
f11
f14
g1
g3
g4
g8
g9
hj15
hj21
BamH I, P4
BamH I, P4
Bgl II, P1, P4
Eco 0109I, P1, P4
Ssp I, P12
BstN I, P10
Eco 0109I, P3, P6
Dde I, pTBal
Dde I, pTBal
Nco I, P6
Nco I, P6
Ase I, P3
Xmn I, P3
7.4 → 1.1 1 (6.3)
(6.3) → 4.9 1 (1.4)
12.5 → 9.5 1 2.5
6.5 → 4.9 1 1.6
3.5 → 1.7 1 1.8
2.45 → 2.20 1 x
10.0 → 6.0 1 4.0
2.6 → 1.3 1 (1.3)
2.20 → 2.05 1 x
7.3 → 4.9 1 1.8
7.3 → 5.9 1 1.4
1.60 → 1.33 1 x
1.39 → 1.27 1 x
TABLE 3. Continued.
Character
No. Code
Restriction enzyme/s
and probe/s
Character details
(fragment sizes in kb)a
67
68
69
70
71
72
73
74
75
76
77
78
hj22
hj23
hj25
hj47
hj52
hj88
z1
z2
z3
z4
z5
z6
Xmn I, P3
Xmn I, P3
Xmn I, P20, P12
Eco 0109I, P4
Dra I, P10
Eco 0109I, P6, P10
EcoR V, pTBal
Ase I, pTBal
Bcl I, P3, P16
Xmn I, P3
Xmn I, P3
Dra I, P3
8.4 → 6.5 1 1.7
3.70 → 3.28 1 x
8.20 → 4.60 1 3.60
2.6 → 1.3 1 (1.3)
2.30 → 2.09 1 x
24.0 → 3.5 1 20.5
16.5 → 8.5 1 8.0
9.0 → 6.8 1 2.2
7.4 → 4.8 1 2.6
11.0 → 9.2 1 1.8
11.0 → 5.5 1 (5.5)
7.4 → 7.2 1 x
a The actual measured sizes of restriction fragments are given. Missing
restriction fragments are denoted as ‘‘x’’. Brackets around a number
indicate that a fragment of this size was deduced but could not be
unequivocally detected due to a coinciding fragment of the same size.
sodium citrate, pH 7.0), all blots were probed simultaneously for at least
18 h at 658C in ;300 mL of hybridization solution containing 400 ng
cpDNA probe and 5 ng lambda probe. Blots were washed of excess
probe with at least 750 mL of wash buffer (0.5% SDS, 0.3 mol/L NaCl,
0.03 mol/L trisodium citrate, pH 7.0) until background radiation
dropped, and exposed to X-ray film (X-OMAT AR, Eastman Kodak
Co., New York) at 2808C for up to 76 h with intensifying screens
(Hyperscreen, Amersham, UK).
Data analysis—Autoradiographs were scored for presence or absence
of restriction sites and for size mutations (where three or more enzymes
indicated a conserved alteration in fragment size with a single probe).
A data matrix was constructed comprising 78 characters across the 27
Eucalyptus accessions (Appendix). One percent of the matrix cells was
scored as missing data. Where individuals had identical haplotypes,
these were represented by a single individual to simplify cladistic anal-
ysis. Cladograms were generated by the parsimony software package
PAUP version 3.1.1 (Swofford, 1993) using Wagner parsimony. The
condensed data matrix was analyzed using the exact branch-and-bound
search option, with ‘‘Furthest’’ addition sequence, tree bisection-recon-
nection (TBR) branch swapping, and the save all minimal tree option
(MULPARS) on. Bootstrap analysis was carried out using a heuristic
search option, 1000 bootstrap replicates, TBR swapping, and 100 rep-
licates of random addition sequence within each bootstrap replicate.
Trees were rooted using E. ceracea from subgenus Eudesmia as the
designated outgroup; replacing E. ceracea with various combinations
of E. globulus, E. lansdowneana (both from subgenus Symphyomyrtus),
and E. ceracea did not change the topology of the in-group (Monoca-
lyptus). In addition, characters were mapped to the branches of an in-
dividual phylogenetic tree, enabling the identification of homoplasious
characters.
RESULTS
Restriction digestion of total leaf DNA with 19 differ-
ent restriction endonucleases, combined with hybridiza-
tion to ten probes specific to different regions of the chlo-
roplast genome, enabled scoring of 78 distinct characters
(Table 3; Appendix), of which 42 were autapomorphic,
giving 36 parsimony-informative characters. Three char-
acters were deletions; the remainder were gains or losses
of restriction sites. While all enzymes except Alu I and
Xho I provided useful data, five enzymes were excep-
tionally useful in detecting cpDNA polymorphisms
across the full range of Eucalyptus species analyzed: Ase
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Fig. 1. Strict consensus of six equally parsimonious trees (length 5
89; CI 5 0.76, excluding autapomorphic characters) obtained from a
branch-and-bound search of cpDNA haplotypes in Eucalyptus, with E.
ceracea (subgenus Eudesmia) as designated outgroup. Bootstrap per-
centages are shown above the branches.
Fig. 2. One of six equally parsimonious trees obtained from a
branch and bound search of the cpDNA data matrix, with E. ceracea
(subgenus Eudesmia) as designated outgroup. Characters have been
mapped to the branches they support. Open boxes denote homoplasious
characters; black boxes denote nonhomoplasious characters (synapo-
morphic or autapomorphic).
I, Bam H I, Bgl II, Dde I, and Xmn I. Within the mon-
ocalypts, the enzymes revealing most polymorphisms
were Ase I, BamH I, Bgl II, and Dde I. Of all cpDNA
polymorphisms recorded, 77% involved the large single-
copy region of the chloroplast genome or its boundary
with the inverted repeat region.
Wagner parsimony analysis of the data matrix using
the branch and bound algorithm generated six trees, each
with 89 steps (including autapomorphies) and consistency
index of 0.76 (excluding autapomorphic characters). The
strict consensus cladogram (shown with bootstrap values
in Fig. 1) indicated that the cpDNA haplotypes of Mon-
ocalyptus were monophyletic, but also divided into two
major, well-supported clades based on geographical ori-
gin. While the observed distribution of polymorphism
distinguished clearly between subgenera Monocalyptus,
Symphyomyrtus, and Eudesmia (Fig. 2), the cpDNA hap-
lotype was not species specific and even crossed series
boundaries. Individual accessions of E. amygdalina, E.
coccifera, and E. risdonii, representing series Amygdali-
nae from the Hobart region, shared a common cpDNA
haplotype with accessions of E. obliqua (series Eucalyp-
tus) and E. delegatensis (series Fraxininae) from the
same area, while a duplicate accession of E. risdonii also
from the same area was distinguishable from this hap-
lotype by four characters. All Tasmanian monocalypts
fell within a large clade (clade 1) also containing mon-
ocalypts from southwestern Victoria, while a separate
clade (clade 2) contained monocalypts of southeastern
Victoria and southeastern New South Wales (Fig. 3).
Within these loose geographical groupings, further foci
of closely related haplotypes occurred, most notably the
strongly supported linkage of accessions of E. willisii
subsp. willisii and E. croajingolensis, both from Holey
Plains, Gippsland in Victoria.
Mapping of characters to the branches of an individual
cladogram (Fig. 2) revealed a comparative lack of vari-
ation within the Tasmanian monocalypts, with most of
the observed differences being due to autapomorphies or
homoplasious characters. Monocalypts from the mainland
of Australia showed much more variation in their hap-
lotypes. The two monocalypt individuals originating from
southeastern New South Wales, E. piperita subsp. urceo-
laris (series Piperitinae of Ladiges, Prober, and Nelson,
1992) and E. robertsonii (series Amygdalinae), both dis-
played a high degree of autapomorphy within this study.
While single aberrations within the sampled individuals
cannot be excluded, it seems more likely that these in-
dividuals represent monocalypt populations with distinc-
tive cpDNA haplotypes.
DISCUSSION
The cpDNA of Eucalyptus subgenera Monocalyptus
and Symphyomyrtus formed two monophyletic clades,
supporting earlier molecular analyses that also demon-
strated monophyly of these subgenera using cpDNA data
from different accessions (Sale et al., 1993, 1996a).
While some congruities between the cpDNA phylogeny
and the morphologically based cladistic analysis of La-
diges, Humphries, and Brooker (1983) were found at
lower taxonomic levels, overall the cpDNA phylogeny
within Monocalyptus was more indicative of the geo-
graphic proximity of the accessions than of published tax-
onomic relationships between species based on morphol-
ogy (Table 1). Regardless of series, nine of the ten ac-
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Fig. 3. Regional map showing geographical origin of sampled monocalypts within southeastern Australia and their distribution within the two
major cpDNA clades described in Fig. 1.
cessions of Monocalyptus sampled close to Hobart in
southeastern Tasmania formed a clade comprising only
two haplotypes (clade supported by character c5) for a
total of seven species. This clade fell within a larger clade
(clade 1) containing the remaining accession from the
Hobart region (E. risdonii 2), four accessions from else-
where in Tasmania, and two accessions from southwest-
ern to southern central Victoria on the Australian main-
land. The separation of clade 1 from clade 2, which con-
tained only accessions from southeastern Victoria and
New South Wales, also transcended taxonomic group-
ings. Overall, five out of seven species in which duplicate
trees were sampled were polyphyletic in their cpDNA.
This conforms exactly to the general pattern of variation
in cpDNA observed by Steane et al. (1998) in Symphy-
omyrtus series Viminales. There is clearly a high level of
intraspecific variation in cpDNA in Eucalyptus species,
and this is coupled with extensive sharing of related hap-
lotypes by species in the same geographical area.
Little cpDNA variation was found in the Tasmanian
Amygdalinae species compared to that found on the
mainland of Australia. Recent divergence, whereby time
since divergence is insufficient for numerous mutations
to accumulate in the cpDNA, of some Tasmanian taxa
may be part of the explanation. The Tasmanian Amyg-
dalinae species are all endemic (Marginson and Ladiges,
1982) and, despite marked morphological differentiation,
speciation may not yet have occurred (Wiltshire, Potts,
and Reid, 1992). These results give little hope of finding
species-specific cpDNA markers for the Tasmanian
Amygdalinae. The Tasmanian Monocalyptus contained
only cpDNA of clade 1, whereas mainland species had
cpDNA of both clades 1 and 2. As E. dives from southern
central Victoria appears to be basal to clade 1 (branch
supported by one synapomorphic character), it is possible
that the Tasmanian cpDNA haplotypes evolved from a
common ancestral cpDNA found in that part of Victoria.
This link may be indicative of the direction of coloni-
zation of Tasmania. The geographic separation of acces-
sions with haplotypes from clades 1 and 2 and the lack
of variation in the cpDNA of Tasmanian species may
have been caused by a bottleneck event in Tasmania. This
bottleneck could have occurred during a glacial event,
when eucalypt forest cover was restricted in Tasmania
(Kirkpatrick and Fowler, 1996). Alternatively, there could
have been a biogeographical barrier (e.g., geology, cli-
mate) across Victoria that prevented cpDNA of clade 2
from moving into western Victoria and Tasmania.
Three hypotheses may be presented to explain the
overall lack of congruence between the cpDNA and spe-
cies phylogenies: (1) convergent evolution of cpDNA or
morphological species; (2) lineage sorting of cpDNA;
and (3) hybridization and introgression (Soltis et al.,
1991; Steane et al., 1998). Convergent evolution and lin-
eage sorting could have played a role in the discordance
between the species and cpDNA phylogenies, especially
since there is evidence for recent divergence between
species. Relatively recent speciation could result in mor-
phologically different species possessing undifferentiated
haplotypes. Likewise, haplotypes that differ by only a
few characters may converge more easily than those dif-
fering by more characters. Recognition sites for restric-
tion enzymes comprise several base pairs. Gain or loss
of a restriction site can be achieved via changes in one
or more bases of the recognition site. Thus, even if a
restriction site is present or absent in two organisms, the
process leading to the presence or absence may be dif-
ferent (convergent evolution) resulting in false homology.
However, the potential for convergence in cpDNA de-
creases sharply as the number of character differences
increases, hence this is unlikely to account for similarities
between series. The observed results cannot be accounted
for completely by lineage sorting and convergent evolu-
tion. For example, there is more divergence in cpDNA
within E. risdonii (a highly localized endemic) than be-
tween E. risdonii and individuals from two different se-
ries (E. obliqua and E. delegatensis). These results are
best explained by hybridization followed by introgres-
sion, possibly following the stepping stone model of Sol-
tis et al. (1991). Furthermore, numerous characters sep-
arate samples of the two subspecies of E. willisii, a find-
ing that is difficult to explain via the mechanisms of lin-
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eage sorting or convergent evolution of cpDNA, but that
could be explained by introgression of cpDNA. However,
the possibility that these subspecies may in fact be de-
rived from two very divergent lineages that have con-
verged in their adult morphology cannot be discounted.
Certainly, the results of Newnham, Ladiges, and Whiffin
(1986) show as much differentiation in seedling mor-
phology and volatile leaf oils between the two subspecies
of E. willisii as they do between the two taxa E. willisii
and E. pauciflora, from series Amygdalinae and series
Psathroxyla, respectively.
The possibility of introgression of cpDNA from one
lineage to another is partially supported by morphological
evidence of hybridization. Within series, many species of
Monocalyptus have been observed to hybridize and in
some cases form extensive intergrade zones (Williams
and Potts, 1996; Wiltshire, Potts, and Reid, 1992). It is
therefore to be expected that species of the same series
could share the same chloroplast genome. Although re-
corded, natural hybrids between series are much less
common, and intergrade zones have not been observed
(Potts and Reid, 1983; Williams and Potts, 1996). The
observation that species from different series may share
a common haplotype is therefore surprising. These data
suggest that hybridization may be considerably more ex-
tensive and more significant in Eucalyptus than suspected
previously. Further sampling will be necessary to confirm
this indication. Interspecific hybridization and introgres-
sion were also strongly implicated in a recent study of
cpDNA of species from subgenus Symphyomyrtus series
Viminales (Steane et al., 1998). These results led the au-
thors to conclude that cpDNA may not be useful in phy-
logenetic reconstruction at low taxonomic levels within
this subgenus. It is now possible to generalize this con-
clusion to Eucalyptus overall, since Symphyomyrtus and
Monocalyptus together comprise the two most speciose
subgenera within Eucalyptus. Nevertheless, as demon-
strated in other plant species in Europe (Dumolin-
Lape`gue et al., 1997) and North America (Soltis et al.,
1997), understanding the geographic pattern to cpDNA
variation in Eucalyptus may be a useful source of infor-
mation on past plant distributions in Australia.
LITERATURE CITED
BYRNE, M., G. F. MORAN, AND W. N. TIBBITS. 1993. Restriction map
and maternal inheritance of chloroplast DNA in Eucalyptus nitens.
Journal of Heredity 84: 218–220.
CHIPPENDALE, G. M. 1988. Flora of Australia vol. 19, Myrtaceae, Eu-
calyptus, Angophora, Australian Government Publishing Service,
Canberra.
DUMOLIN-LAPE` GUE, S., B. DEMESURE, S. FINESCHI, V. LE CORRE, AND R.
J. PETIT. 1997. Phylogeographic structure of white oaks throughout
the European continent. Genetics 146: 1475–1487.
JOHNSON, L. A. S. 1976. Problems of species and genera in Eucalyptus
(Myrtaceae). Plant Systematics and Evolution 125: 155–167.
———, AND K. D. HILL. 1990. New taxa and combinations in Euca-
lyptus and Angophora. Telopea 4: 37–108.
KIRKPATRICK, J. B., AND M. J. BROWN. 1984. The palaeogeographical
significance of local endemism in Tasmanian higher plants. Search
15: 112–113.
———, AND M. FOWLER. 1996. Refugial sites for flora in Tasmania—
a testing of methodology. Research Report, University of Tasmania,
Hobart, Australia.
LADIGES, P. Y. 1997. Phylogenetic history and classification of euca-
lypts. In J. Williams and J. Woinarski [eds.], Eucalypt ecology:
individuals to ecosystems, 16–29. Cambridge University Press,
Cambridge.
———, C. J. HUMPHRIES, AND M. I. H. BROOKER. 1983. Cladistic re-
lationships and biogeographic patterns in the peppermint group of
Eucalyptus (informal subseries Amygdalininae, subgenus Mono-
calyptus) and the description of a new species, E. willisii. Austra-
lian Journal of Botany 31: 565–584.
———, M. R. NEWNHAM, AND C. J. HUMPHRIES. 1989. Systematics and
biogeography of the Australian ‘‘green ash’’ eucalypts (Monoca-
lyptus). Cladistics 5: 345–364.
———, S. M. PROBER, AND G. NELSON. 1992. Cladistic and biogeo-
graphic analysis of the ‘‘blue ash’’ eucalypts. Cladistics 8: 103–
124.
———, F. UDOVICIC, AND A. N. DRINNAN. 1995. Eucalypt phylogeny—
molecules and morphology. Australian Systematic Botany 8: 483–
497.
MARGINSON, J. C., AND P. Y. LADIGES. 1982. Morphological and geo-
graphical disjunctions in forms of Eucalyptus nitida Hook f. (Myr-
taceae): with special reference to the evolutionary significance of
Bass Strait, southeastern Australia. Proceedings of the Royal So-
ciety of Victoria 94: 155–167.
MCDADE, L. 1992. Hybrids and phylogenetic systematics. II. The im-
pact of hybrids for cladistic analysis. Evolution 46: 1329–1346.
NEWNHAM, M. R., P. Y. LADIGES, AND T. WHIFFIN. 1986. Origin of the
Grampians shining peppermint—a new subspecies of Eucalyptus
willisii Ladiges, Humphries & Brooker. Australian Journal of Bot-
any 34: 331–348.
NORTON, T. W. 1997. Conservation and management of eucalypt eco-
systems. In J. Williams and J. Woinarski [eds.], Eucalypt ecology:
individuals to ecosystems, 402–410. Cambridge University Press,
Cambridge.
POTTS, B. M., AND J. B. REID. 1983. Hybridisation between Eucalyptus
obliqua L’Herit. and E. pulchella Desf. Australian Journal of Bot-
any 31: 211–229.
———, AND ———. 1988. Hybridisation as a dispersal mechanism.
Evolution 42: 1245–1255.
———, AND R. J. E. WILTSHIRE. 1997. Eucalypt genetics and gene-
cology. In J. Williams and J. Woinarski [eds.], Eucalypt ecology:
individuals to ecosystems, 56–91. Cambridge University Press,
Cambridge.
PROBER, S., J. C. BELL, AND G. MORAN. 1990. A phylogenetic and
allozyme approach to understanding rarity in three ‘‘green ash’’
eucalypts (Myrtaceae). Plant Systematics and Evolution 172: 99–
118.
PRYOR, L. D., AND L. A. S. JOHNSON. 1971. A classification of the
eucalypts. Australian National University, Canberra.
———, AND ———. 1981. Eucalyptus, the universal Australian. In A.
Keast [ed.], Ecological biogeography of Australia, 499–536. W.
Junk, The Hague.
RIESEBERG, L. H. 1995. The role of hybridization in evolution: old wine
in new skins. American Journal of Botany 82: 944–953.
SALE, M. M., B. M. POTTS, A. K. WEST, AND J. B. REID. 1993. Rela-
tionships within Eucalyptus using chloroplast DNA. Australian
Journal of Botany 6: 127–138.
———, ———, ——— AND ———. 1996a. Relationships within Eu-
calyptus (Myrtaceae) using PCR-amplification and southern hy-
bridisation of chloroplast DNA. Australian Systematic Botany 9:
273–282.
———, ———, ——— AND ———. 1996b. Molecular differentiation
within and between Eucalyptus risdonii, E. amygdalina and their
hybrids using RAPD markers. Australian Journal of Botany 44:
559–569.
SHINOZAKI, K., ET AL. 1986. The complete nucleotide sequence of the
tobacco chloroplast genome: its gene organisation and expression.
European Molecular Biology Organisation Journal 5: 2043–2049.
SOLTIS, D. E., M. A. GITZENDANNER, D. D. STRENGE, AND P. S. SOLTIS.
1997. Chloroplast DNA intraspecific phylogeography of plants
from the Pacific northwest of North America. Plant Systematics
and Evolution 206: 353–373.
———, P. S. SOLTIS, T. G. COLLIER, AND M. L. EDGERTON. 1991. Chlo-
roplast DNA variation within and among genera of the Heuchera
group (Saxifragaceae): evidence for chloroplast capture and para-
phyly. American Journal of Botany 78: 1091–1112.
July 1999] 1045MCKINNON ET AL.—CPDNA PHYLOGENY IN EUCALYPTUS
STEANE, D. A., M. BYRNE, R. E. VAILLANCOURT, AND B. M. POTTS.
1998. Chloroplast DNA polymorphism signals complex interspe-
cific interactions in Eucalyptus (Myrtaceae). Australian Systematic
Botany 11: 25–40.
SWOFFORD, D. L. 1993. PAUP: Phylogenetic analysis using parsimony
version 3.1.1. Illinois Natural History Survey, Champaign, IL.
SYTSMA, K. J., AND L. D. GOTTLIEB. 1986. Chloroplast DNA evolution
and phylogenetic relationships in Clarkia sect. peripetasma (Ona-
graceae). Evolution 40: 1248–1261.
WAGNER, D. B., G. R. FURNIER, M. A. SAGHAI-MAROOF, S. M. WIL-
LIAMS, B. P. DANCIK, AND R. W. ALLARD. 1987. Chloroplast DNA
polymorphisms in lodgepole and jack pines and their hybrids. Pro-
ceedings of the National Academy of Sciences, USA 84: 2097–
2100.
WHITHAM, T., P. MORROW, AND B. M. POTTS. 1994. Plant hybrid zones
as centers of biodiversity: the herbivore community of two endemic
Tasmanian eucalypts. Oecologia 97: 481–490.
WILLIAMS, K., AND B. M. POTTS. 1996. The natural distribution of Eu-
calyptus species in Tasmania. Tasforests 8: 39–164.
WILTSHIRE, R. J. E., B. M. POTTS, AND J. B. REID. 1992. A paedomor-
phocline in Eucalyptus. II. Variation in seedling morphology in the
E. risdonii/tenuiramis complex. Australian Journal of Botany 40:
789–805.
1046 [Vol. 86AMERICAN JOURNAL OF BOTANY
A
PP
EN
D
IX
.
D
at
a
m
a
tr
ix
sh
ow
in
g
sc
o
rin
g
o
f
c
ha
ra
ct
er
s
fo
r
c
pD
N
A
ha
pl
ot
yp
e
a
n
a
ly
si
s
in
E
uc
al
yp
tu
s
su
bg
en
us
M
on
oc
al
yp
tu
s
a
n
d
o
u
tg
ro
up
s.
C
ha
ra
ct
er
s
a
re
de
fin
ed
in
Ta
bl
e
3.
W
he
re
th
e
c
ha
ra
ct
er
is
a
de
le
tio
n
(ch
ara
cte
rs
6,
17
,a
n
d
18
),
th
e
sc
o
re
o
f
1
in
di
ca
te
s
th
e
pr
es
en
ce
o
f
th
e
de
le
tio
n.
W
he
re
th
e
c
ha
ra
ct
er
is
a
re
st
ric
tio
n
si
te
(re
ma
in
in
g
c
ha
ra
ct
er
s),
th
e
sc
o
re
o
f
1
in
di
ca
te
s
pr
es
en
ce
o
f
th
e
si
te
,0
in
di
ca
te
s
a
bs
en
ce
.A
sc
o
re
o
f
?
de
no
te
s
m
is
si
ng
da
ta
.
Sp
ec
im
en
ID
C
ha
ra
ct
er
n
u
m
be
r
10
20
30
40
50
60
70
E
.r
is
do
ni
i1
E
.r
is
do
ni
i2
E
.t
en
ui
ra
m
is
1
E
.t
en
ui
ra
m
is
2
E
.c
o
c
c
ife
ra
1
E
.c
o
c
c
ife
ra
2
E
.n
iti
da
1
E
.n
iti
da
2
E
.a
m
yg
da
lin
a
1
E
.a
m
yg
da
lin
a
2
E
.p
ul
ch
el
la
1
01
11
10
01
10
01
11
11
01
10
01
11
10
00
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
11
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
00
00
11
00
10
00
00
11
00
00
00
00
11
00
00
00
00
11
00
10
00
00
11
00
00
00
00
11
00
10
00
00
11
00
00
10
00
11
00
00
00
?0
11
00
10
00
00
11
00
10
00
00
11
00
10
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
00
00
11
11
01
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
10
00
11
11
01
11
01
00
01
01
10
01
10
01
01
11
01
10
01
01
11
01
10
01
01
11
01
10
01
01
11
01
00
01
01
11
01
10
01
01
11
01
10
01
01
11
01
00
01
01
11
01
00
01
01
11
01
10
01
01
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
10
00
00
11
10
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
11
00
11
01
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
00
10
10
01
E
.p
ul
ch
el
la
2
E
.r
a
di
at
a
sp
p.
ra
di
at
a
E
.r
o
be
rt
so
ni
i
E
.e
la
ta
E
.c
ro
a
jin
go
len
sis
E
.w
ill
is
ii
ss
p.
w
ill
is
ii
E
.w
ill
is
ii
ss
p.
fal
cif
or
mi
s
E
.d
iv
es
E
.u
m
br
a
E
.p
ip
er
ita
ss
p.
u
rc
e
o
la
ri
s
E
.o
bl
iq
ua
E
.d
el
eg
at
en
si
s
E
.g
lo
bu
lu
s
1
E
.g
lo
bu
lu
s
2
E
.l
an
sd
ow
ne
an
a
E
.c
e
ra
c
e
a
01
11
10
01
10
00
11
10
01
10
01
11
10
01
01
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
11
10
01
10
00
11
10
01
10
01
11
10
01
10
01
11
10
01
10
01
10
10
01
10
01
10
10
01
10
01
10
10
01
10
00
01
10
11
10
00
00
11
00
10
00
00
11
00
00
11
00
11
00
00
01
00
11
00
00
01
00
11
00
01
01
00
11
00
01
00
00
11
00
00
00
10
11
00
00
00
00
11
00
00
11
01
11
10
00
00
00
11
00
10
00
00
11
00
10
00
00
01
00
00
00
00
01
00
00
00
00
11
00
00
01
00
00
01
00
10
00
11
11
01
11
00
11
11
01
10
00
11
01
11
10
00
11
01
01
10
00
01
01
01
10
00
01
01
01
11
00
11
11
01
10
00
10
01
01
10
00
11
?1
01
10
01
11
00
01
10
00
11
11
01
10
00
11
11
01
10
10
11
01
00
10
10
11
01
00
10
10
11
01
00
10
10
11
01
00
11
01
10
01
01
11
01
10
01
01
01
01
1?
11
?1
01
01
11
01
01
01
01
11
01
01
01
01
11
01
01
11
01
10
01
01
11
01
10
01
01
01
01
1?
11
01
11
01
11
01
00
11
01
00
01
01
11
01
00
01
01
01
11
10
00
11
01
11
10
01
11
01
11
1?
01
01
01
10
10
01
01
10
00
00
11
10
10
00
00
11
10
00
00
00
0?
00
01
00
00
0?
??
00
00
00
00
10
00
00
00
00
10
10
00
01
11
11
10
00
00
11
10
00
00
00
??
10
00
00
00
?0
10
10
00
00
11
10
10
00
00
11
10
?
?
01
10
01
10
00
01
10
01
10
00
01
10
0?
10
00
11
00
01
10
00
11
00
11
01
00
11
00
11
01
00
01
00
11
00
00
01
00
11
01
00
01
10
11
01
00
01
11
11
01
00
11
00
11
01
00
11
00
11
01
10
01
00
11
01
00
00
00
11
01
00
11
00
11
01
00
11
00
11
01
00
01
10
00
11
00
01
10
01
11
00
01
10
01
?1
01
01
10
11
01
00
10
00
00
11
00
10
00
00
11
01
10
00
00
11
01
10
00
00
11
01
10
00
00
11
01
10
00
00
11
00
10
00
00
11
00
10
00
00
11
00
10
00
0?
11
00
10
00
00
11
00
10
00
0?
11
00
10
00
00
11
?
?
10
00
01
00
10
?0
01
01
10
10
01
00
01
11
10
00
11
11
11
00
10
10
01
00
10
10
01
00
00
10
10
00
?0
10
00
00
10
10
00
00
10
10
00
00
10
10
01
00
10
10
01
00
10
1?
00
00
10
10
00
00
10
1?
01
00
10
10
01
00
11
01
01
00
11
11
01
00
11
?0
01
11
11
10
01
